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PREFACE 


A Space Shuttle Technology Conference on Flow Fields, Heat Transfer, Aero- 
dynamics, and Operational Flight Mechanics was held at the NASA Ames Research 
Center on December 15 and 16, 1971* The objective of this conference was to 
review the broad base of aerothermodynamics technology developed for the space 
shuttle during the period of the Phase B studies and, thereby, help focus 
attention on the technology required for further space shuttle development. 

This publication is a compilation of the conference papers. It has been divided 
into four volumes, one for each of the sessions. Five papers which were omi tted 
from the oral presentation at the conference are included in this publication. 
Contributing organizations include U.S. Aerospace Contractors, Universities, 
Canadian and European Space Agencies, in addition to NASA Research Centers. 
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technological risks substantially lower than for a system in which 
the propellant tanks are internal to the orbiter. The remaining 
papers treat flight-mechanics problems associated with ascent to 
orbit, abort staging, and booster and orbiter recovery. 
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Figure 2 




SIZING DEPENDENCE ON STRUCTURE FACTOR 
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eht/eoht external tank dry weight comparison 
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eht/eoht vehicle booster gross weight comparison 
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Based upon the general trending analysis of this paper the following conclusions can be reached: 
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Figure 20 




SPACE SHUTTLE ATMOSPHERIC 
ASCENT FLIGHT DYNAMICS 
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Atmospheric launch dynamics investigations have been carried out for different configuration types, which 
include expendable, straight wing, delta wing, and ballistic recoverable boosters. 


FACTORS AFFECTING SPACE SHUTTLE 
ASCENT FLIGHT DYNAMICS 
(Figure 1) 



10^2 


+ 5 deg/sec nozzle deflection rate limit under loaded condition 



FACTORS AFFECTING SPACE SHUTTLE ASCENT FLIGHT DYNAMICS 




ASCENT FLIGHT DYNAMICS DESIGN OBJECTIVES 

(Figure 2) 
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Kigure 2 



WIND DISTURBANCES 

(Figure 3) 
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LOAD RELIEF CONTROL LOGIC 

(Figure 4) 
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PAYLOAD SENSITIVITY TO LOAD INDICATOR 

(Figure 5) 
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STRUCTURAL SAVING AND TRAJECTORY PENALTY 
(Figure 6) 
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STRUCTURAL SAVING AND TRAJECTORY PENALTY 
(CROSSWIND) 



NOTE: 6 KILOMETER OUST 




POTENTIAL PAYLOAD IMPROVEMENT 
FROM LOAD RELIEF 
(Figure 7) 




POTENTIAL PAYLOAD IMPROVEMENT FROM LOAD RELIEF 






LOAD RELIEF EFFECT ON BOOST TRAJECTORY 

(Figure 8) 
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NOZZLE DEFLECTION DYNAMICS 
(Figure 9) 



1058 


transients are acceptable for the short time (less than 2 seconds) the nozzle deflection is saturated. Peak 
body axis rates during load relief transients are less than 3 deg/sec . Peak TVC nozzle rates are 5 deg/sec 
for a time period of less than 0.5 second. 



NOZZLE DEFLECTION DYNAMICS 
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Figure 5 
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A part of these payload improvements may be attributable to the ability of the vehicle 
efficiently use its lifting capability and a part to the ability to point the thrust vector 
in the optimum direction. Later in the paper the portion of the improvement due to lifting 
and the portion due to thrust pointing will be separately evaluated. 
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A part of the possible payload improvement shown is due to optimal pointing of the thrust 
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INTEGRATED LIFT ACCELERATION (jL/rndt),m/SEC 
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Figure 3 
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Figure 4 


ANGLE OF ATTACK TIME HISTORIES 
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During the past year, the abort situation as applied to the Phase B shuttle concepts has been 
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interagency and intergovernmental effort and is the reason for the number of co-authors on the paper. 
In this paper the overall effort and what has been learned about abort separation of the shuttle 
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Figure 3 
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Figure 6 
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Figure 11 
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EFFECT OF INTERFERENCE AERODYNAMICS 

M * 2; a ■ 0°; dj * 0° 

ORBITER POWER - 100%; BOOSTER POWER - 50% 
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Figure 23 
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TECHNOLOGY IMPLICATIONS 
(Figure 26) 
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there have been other investigations where this did occur, references 27 - 30. Also, the magni- 
tude of the effect of shocks intersecting a laminar boundary layer is unknown. The sensitivity 
of these effects, once obtained, needs to be assessed as they influence the abort separation 
trajectories. 
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Donaldson, J. C.: Aerodynamic Interference Effects of Parallel Delta Wings and Cone-Cylinder Bodies 

in Close Proximity: Force Tests at Mach Numbers 2, 5* and 10. AEDC-TDR-64-135 ? U.S. Air Force, 
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independent failure, since the probability of a marginal subsystem (already a partial failure) and a primary critical 
failure is very small by design intent. 
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A secondary problem is with the engine system. To maintain a maximum of 3g longitudinally 
during engine firing as the booster approaches an empty condition, a number of engines must be 
throttled or cut off. The problem with cutting off one engine in the proximity of others that are 
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Figure 3 


The general effect of aerodynamic heating can best be seen in this figure. The majority of heat 
transfer to the booster lower surfaces occurs during the entry phase; internal temperatures (e.g., the 
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TYPICAL BOOSTER LOWER SURFACE TANKAGE 
TEMPERATURE AND HEAT TRANSFER RATE 
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RECOVERY CONCEPT 
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BOOSTER RECOVERY TRAJECTORY 
FOLLOWING ABORT SEPARATION 
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WITHIN CONSTRAINTS 
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crippled booster. 

Maneuver, when possible, into a region that will put the intended landing site in close 
proximity. 


ABORT TRAJECTORY CONSTRAINT DIAGRAM 
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EARTH RELATIVE VELOCITY (1,000 FPS) 


This figure presents the additional burn time beyond the nominal 200.4-second burnout condition 
due to the propellant remaining, which was to have been spent carrying the orbiter. This time ranges 
from a maximum of 92 seconds when the orbiter is dumped at liftoff, to a minimum of zero 
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ADDITIONAL BURN TIME VERSUS 
ABORT INITIATION 



QNOA39 3WI1 Nana "iViN3W3a3NI 


1179 


INITIATION OF ABORT (SEC.) 
(TIME OF STAGE SEPARATION) 



Two easily achievable operating procedures (using the recovery technique outlined) are 
superimposed on the constraint diagram. One procedure selects and maintains a constant yaw angle 
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ABORT TRAJECTORIES FOR 

TDEPARTURE >130 SECONDS 
EARTH RELATIVE VELOCITY (KM/SEC.) 
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Figure 8 


This figure demonstrates that the lower surface of the wing skin panel (Node 12) is lower in 
temperature than the nominal (“no abort”) condition shown as a solid line. The aeroheating 
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This illustration shows lower surface spar cap temperatures (Node 11) corrected to reflect the 
anticipated additional burn time commensurate with the indicated departure velocities. Again, it 
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LOWER SURFACE SPAR CAP TEMPERATURES 
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After deployment of its airbreathing engines, the booster returns to the launch site. The figure 
compares post-recovery flyback distance with time of abort separation. The reference flyback range 
is also shown. Except for abort separation immediately before normal staging, enough bum time 
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FLYBACK DISTANCE VERSUS 
TIME OF ABORT SEPARATION 
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Figure 12 



EFFECT OF COMMERCIAL AND MILITARY PERFORMANCE REQUIREMENTS FOR TRANSPORT 
CATEGORY AIRCRAFT ON SPACE SHUTTLE BOOSTER DESIGN AND OPERATION 
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The operating rules under which an aircraft performs affect every phase of flight from takeoff to 
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BOOSTER CONFIGURATION 
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CANDIDATE LANDING SITES 


Cj V 

5 3 

g m 

P 

U OJ 

• P U 
<U o 

rC ^ 

<4-1 w 

° ^ 

<u 

e/3 

3 a 5 

<j OJ 
CJ ^5 

6 P 

m -a 

a! 

cp 

W ^ 

o g 

t-M P 

d 

y * 

S3 d 
d 


J" ^ > 

g fj-i £ 


J-H 

<u 

+-> 

P 

cj 


P r'r 

O U 


& 


P 

O 


5— **g 

O P 


OJ 


fc s 


cj 

s 


o 

lO 

o 


§ - 
c p 
>> o 
2 '£ 

- s 1 

CO bo 5 

5- O 

b a u 

° W 4J 

^ 1 W 
+3 c4 -‘- , 

£?> 


B 

^OJ 

d 

13 


p 


c4 


I 

CL) 

d 
5 P 

I 3 
§ § 
. bJD 


a 

CJ 

C/3 

13 

OJ 

P 


U § 

eg <5 

^ © 
+4 O 
c4 <0 
w 00 


CJ .3 

a « 

& § 

co .2 


k. a 

>r u 

d o 

« a ~ 

•S C u 
d oj o 
K &4 £ 

C4 j. 

- o 

aj (LM 

pP 5 A 
O 


<u 

a 

r3 ® 

CJ d 

<4 d 

C-M * 

CM 

bD 

J ^ 

^ H 

.3 nd 

_ cj 

0 CS 

1 a 

cj 


1) 

£ 


o 

feo 

>» 

& 'fl 

a a 

— — qj 

+-» d 
«* ‘53 
m P 
bo O 
P o 
d w 

p -a 

J2 o 

Sh „ . 
fl> CJ 

13 £ 

8 43 


a; 


a, -h 


a 


ir c4 

& 1 > 
c4 <u 

° 13 


•53 ii « 
Tj PP 

3 U .£ 

i ^ § 

n UcS 
o fi •- 

3* g p 

H r2 U 


.5 bJD 

+-> p 
• ^ 
4-> CJ 

P JO 

CJ 

in <U 
CJ H 
Sh C3 

Ph_ 

+j 
CJ qj 
rP CJ 


>- 

£ 

P 

s 


(4 

d 

o 
6 
S 

8 ^ 

u Jp 

c4 


O 

P 

o 


CJ 


+j o ^ 

<o § 

°- a* G 
S d x 

— - C4 CJ 


1196 



CANDIDATE LANDING SITES 
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FIELD LENGTH: 2, 440 M (8, 000 FT. ) 



CRUISE OPTIMIZATION 
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possibility of more than one engine failure. This is equivalent to cruising at 1,525 meters (5,000 
feet) on a hot day with one engine inoperative or at 3,050 meters (10,000 feet) on a standard day 
with one engine inoperative at maximum continuous power. If two-engine-out, hot-day emergency 
operation is required, intermediate power can be used to increase the cruise altitude to safe 
operating elevations above sea level. 


CRUISE OPTIMIZATION 
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NO. OPERATING ENGINES NO. OPERATING ENGINES 


GO-AROUND CLIMB GRADIENTS 
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are not specifically covered in FAR Part 25. 

No specified climb gradient is required by MIL-C-5011A in the landing and approach 
configuration. However, climb performance must be calculated with all engines operating and one 
engine inoperative. 



GO-AROUND CLIMB GRADIENT 
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GO-AROUND THRUST REQUIREMENTS 
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OEFFICIENT OF FRICTION (0 ) VALUES REPRESENTATIVE OF ACTUAL RUNWAY 
ONDITIONS 
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to meet Space Shuttle requirements for hot-day, wet-field operations at sea level. Consequently, the 
runway at Vandenberg Air Force Base must be increased 610 meters (2,000 feet) if it is to be 
considered a potential Space Shuttle launch and recovery site. 


LANDING PERFORMANCE 



hionh ana id atm •yvj 

(WOOO'I) 

O LTV o IT\ 

_ .• • • • 

m CSJ CNJ r-H 



rid ooo ‘n 



( *JJ 000 *1) 



tr\ O Lf\ O LPk o 

cr\ CO c\i CNJ —? ,-J 


(1A/000'I) 

SDN VIS IQ 9NI0NV1 



CD 3S/W) 

033dS 010HS3HH1 


1207 
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LANDING GROSS WEIGHT LANDING GROSS WEIGHT 



The various factors affecting fuel reserve requirements are presented, together with their respective 
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■» 371 KM (200 N. Ml.) 10 ENGINES 
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• COMMERCIAL - 369, 000 N (83, 000 LB. ) GO-AROUND 

45 MINUTES AT MAXIMUM ENDURANCE 

FUEL FOR 371 KM (200 N.MI.) 

AT LONG-RANGE CRUISE 



FLYBACK OPERATING RULES 
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RECOMMENDED FLYBACK OPERATING RULES 
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• ETR95 PERCENTILE WINDS 

• GO-A ROUND 
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APPLICATION OF BASELINE VEHICLE TO FERRY OPERATIONS 
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TRANSCONTINENTAL FERRY ROUTE 
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FIELD LENGTH (METE RSr N ELEVATION (METERS) 
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FERRY ROUTE TERRAIN ELEVATIONS 
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3,800 4,000 4,200 4,400 4,600 4,800 5,000 5,200 5,400 5,600 

KILOMETERS 
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REQUIRED NUMBER OF ENGINES 
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reduces this number to eight engines, well within the flyback limit of 10. 



REQUIRED NUMBER OF ENGINES 
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LANDING CLIMB - POSITIVE CLIMB GRADIENT, 11 
ONE ENGINE OUT 

APPROACH CLIMB - POSITIVE CLIMB 11 

GRADIENT, TWO ENGINES OUT 



FERRY RANGE 
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FERRY RANGE 
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CRITICAL ROUTES 
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TAKEOFF RULES 
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• TAKEOFF DISTANCE DETERMINED FROM START OF TAKEOFF TO POINT 15 . 3 M 
(50 FT.) ABOVE TAKEOFF SURFACE, ALL ENGINES OPERATING 

• ENGINE-OUT PERFORMANCE AS REQUESTED BY PROCURING AGENCY 
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TAKEOFF PERFORMANCE - BASELINE 
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TAKEOFF PERFORMANCE - BASELINE + TAILCONE 
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FERRY PERFORMANCE - BASELINE + TAILCONE 
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RECOMMENDED FERRY PERFORMANCE OPERATING RULES 
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INTRODUCTION 
(Figure 1) 
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SPACE SHUTTLE ORBITER HANDLING QUALITY CRITERIA 
APPLICABLE TO TERMINAL AREA, APPROACH, AND LANDING 
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Figure 1 



Before getting into the specific problem areas, a look at the various phases of an 
unpowered approach and landing trajectory is desirable. Figure 2 depicts a trajectory for that 



1242 


the initial approach down to touchdown near the speed for maximum L/D. 


UNPOWERED APPROACH AND LANDING TRAJECTORY 
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Figure 2 



FLIGHT PATH STABILITY AND CONTROL FOR AN UNPOWERED APPROACH AND LANDING 

(Figure 3) 

Flight path stability and control is a measure of the vehicles capability to be controlled 
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constant in the response of flight path to a pitch attitude change. 

(Continued on next page.) 


FLIGHT PATH STABILITY AND CONTROL 
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Figure 3 



FLIGHT PATH TIME CONSTANT 
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display conditions. The requirements for IFR may be more stringent; and use of a flight director 
display might ease the requirements. There were also some indications of a possible effect of 
L/D on the criteria; however, the effect cannot be defined from the current data. 
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It should be noted that some difficulty was experienced in verifying the recommended 
criteria of figure 5 on the NASA ARC SSV simulation. It was concluded that most of the 
problem could be attributed to a longitudinal trim problem associated with the particular side 
arm controller used (discussed later) and that while the recommended criteria was primarily 
based on piloted aircraft results, it was probably applicable to the SSV. 





The military flying quality specification for piloted aircraft, MIL-F-8785B, has no direct 
criteria on heading control. It attempts to Insure adequate heading control by restricting the 
amount of sideslip in aileron-alone turns, Because of the importance of adequate heading control 
in the final approach, the present study attempted to develop a heading control criterion. 
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The value of y and N^/L^w^ should then fall within the contours shown In figure 8. 

(Continued on next page, - ) 



(Figure 6) 
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Figure 7 
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comments indicated that the vehicle seemed lightly damped but no P10 problem per se. 
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MDAC HCR, V e = 180 knots (ARC) 

040A , LANDING APPROACH (LMSC EM L4-02-0I -M7-3) 




SSV to rapidly decrab the vehicle for runway alignment at touchdown. 
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PROBLEM AREAS 
(Figure 10 : ) 
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degree of coordination. Both have deleterious effects so a design compromise must be made. 
The outcome of the proper compromises needs further investigation and definition. 
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AREAS NEEDING FURTHER RESEARCH 
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ORBITER ENTRY TRAJECTORY CONSIDERATIONS 
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range capability which may be realized through trajectory shaping. 
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^total total heat load 



Reynolds number based on momentum thickness 


a 

•H 

t>0 

•H 

O 

co 

cD 

CD 

co 

§ 

CD 

P 

P 


CD 

H 

O 

•H 

& 

£ 

P 

O 


cD 

CD 


CD 

O 

G 

CD 

Fh 

CD 

P 

CD 

Fh 





•H 


!» 






r— 1 


P 








■H 






Fh 


CO 






CD 

bD 

0 






P 

CD 

0 






G 

TZ* 

CO 





CD 

CD 


•H 





1 — 1 

O 

•s 

r> 


bO 



O 


,*4 

P 




•H 

bO 

CD 


CD 



P 

3 

cD 

O 


Tzi 



CD 

O 

P 




CD 

u 


> 

■d 

15 

£ 


CD 

3 


P 



CD 


H 

-p 

i>> 

O 

CD 

P 

•H 


bD 

cD 

P 


O 

O 

O 

>3 

G 

Fh 

•H 

P 

g 


•H 

P 

CD 

CD 

O 

P 

CD 

CD 

P 

•H 


P 

O 

bO 

P 

rH 

P 

CO 


S 

rH 

•H 

CO 

b0 

CD 

£ 

C 

CD 

CD 

CD 

•H 

g 

O 

CD 

cD 

-P 

> 

£ 


3 

O 

tzJ 

fit 


CD 

CD 

P3 


CO 




CO 

Pi 

Fh 

O 

CO 

co 


a 


1267 


edge of boundary layer 



MAXIMIZING CROSS RANGE WITH MINIMAL IMPACT ON AERODYNAMIC HEATING AND TPS 
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HEATING ASSUMPTIONS 
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Figure 4 



BOTTOM CENTER-LIKE CONVECTIVE HEAT SUMMARY - LOW CROSS RANGE 
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ENTRY TRAJECTORY COMPARISON - HIGH CROSS RANGE 
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Figure 8 



EFFECT OF ENTRY ANGLE ON STAGNATION-POINT HEATING 
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EFFECT OF ENTRY ANGLE ON STAGNATION-POINT HEATING 
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INERTIAL ENTRY ANGLE, deg 



HORIZONTAL IMPULSIVE DEORBIT AV REQUIREMENT 
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presents major conclusions and results of supporting analyses. The paper contains all pertinent material 
generated as a consequence of the Space Shuttle Phase B study which was documented in June of 1971. In 
some areas, the approach differs from our Phase B baseline and reflects results from more current analyses; 
these differences are not always noted in the text that follows. 
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QUALITATIVE EVALUATION FACTORS FOR CANDIDATE 
SEPARATION SYSTEM CONCEPTS 
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Figure 1 



QUALITATIVE EVALUATION SUMMARY 
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linkage (particularly the linkage using booster thrust). It abort separation is a requirement, the linkage using 
booster thrust appears to be the best candidate system. 
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CONCEPT COMPARISON 
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•TOTAL MATING/SEPARATION SYSTEM ESTIMATED WEIGHTS EXPRESSED AS EQUIVALENT BOOSTER WEIGHT. 


SEPARATION TRAJECTORY COMPARISON, NORMAL STAGING 
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Abort criteria necessary to satisfy the program requirements included intact vehicle abort capability. Intact 
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ABORT FAILURE CATEGORIES 
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Figure 5 



MATED ASCENT ABORT PROCEDURES 
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MATED ASCENT ABORT PROCEDURES 
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STUDY CONFIGURATION 
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STUDY CONFIGURATION 
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INVESTIGATIVE REGION FOR ABORT SEPARATION 
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INVESTIGATIVE REGION FOR ABORT SEPARATION 
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TIME FROM LIFTOFF (SEC.) 








INCORPORATION OF AERODYNAMIC INTERFERENCE EFFECTS 
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INCORPORATION OF AERODYNAMIC INTERFERENCE EFFECTS 
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INTERFERENCE EFFECT ON PITCH MOMENT MULTIPLIER 
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STAGE SEPARATION SYSTEM DESCRIPTION 
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SEPARATION SYSTEM FORWARD VERTICAL LINK ATTACHMENTS 
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SEPARATION SYSTEM APT LINK ATTACHMENTS 


I 


TO 

cd 

£ 


<D 


G 

o 

'*-» 

Cd 

O 

O 


<D 


£ 

O 

3 

« tH 

h-> 

cd 

Oh 

E 

o 

o 

G 

O 

to 

o 

o 


C /3 

<D 

.o 

a> 

>> 

rO 

TO 

Q> 


<D 

TO 


G 

0) 


tG 

o 

cd 


C/3 


T> 


cd 


O 


| 





oh 

a> 

*G 

G 

*a 


cd 



<D 

C /3 



Cd 

cd 

G 

£3 

£ 

O 

O 

G 

,G 

C/3 

ofl 

G 

G 

■G 

CD 

G 

•+-* 

TO 

-e 

TO 

0 

cd 

O 

d> 



G 


.2 

<D 

V- > 

4-» 

cd 

cd 

t-H 

H— * 

cd 

• ^ 
rG 
0 

CX 

o> 

C /3 

cd 

C4-H 

a> 


X 

1/3 

+-> 

G 

TO 

6 

G 

cd 

<D 

+-» 

£ 

§ 

CD 

8 

a > 

cd 

40 

00 


_C 

4-> 


G 

t-H 

G 

TO 

I 

TO 


cd 

c/3 

jO 

■a 

cd 

Id 

0 

G 

‘■6 

CD 

<D 

<D 

> 

£ 

<L> 

+-* 

,G 

<D 

+■» 


rG 

C /3 

cd 

H— » 

O 

£ 

& 


-♦-* 

G 

O 

O 

cd 

ao 

'■5 

t-H 

*5c 

O 

O 


»T3 

3 

<D 

.g 

Q 

G 

*sh 

CT 1 

0 

2 


1326 



SEPARATION SYSTEM AFT LINK ATTACHMENTS 





M 

§ 

M 

3 

< 

PM 

PJ 

CO 

e 

<1 


1 

I 

g 

Pm 


<d .y 
+-» 3 
cO 5 
o g 

,2 -S 

^ g 

• a s 

.G a> 
^ 43 
oo -m 

■SI 

■§ s 

cd q , 

(D O 
-O '*-* 
'O 
__r 8 

o §> 
•-3 C 
ft G 

^ o 

Mx .... 

O 2 

CO 

tS -g 

co C 

* 

o » 

+2 g 

CO O 

IS 

5U 

-4-* , , 

G rg 
a > co 

G -4-> 

G o 

03 

00 <D 

G S 

2 o 
c +-* . 

C 0 ^3 
<D 

§.§» 

G co 

tD <D 

00 TJ 


OJ >■» 

rH Mx 

fi * 

• G 

>> o3 

<1> »rt 

fS c 
S g 

% l 

§ <2 
lx ^ 
+-> 0) 

Vh ^ 

•;h Cd 

•£ T3 
O V 

»i 

5 o 

<n co 

cd c 


^ 50 

O C 0 

ea •« 

o g 


2 

JS 


CO 

o 

O 

43 

CD 


.5 

G ^ 

O O 

se 

C 0 • 
Gi c+_i 

O cd 

00 ^ 

.3 § 

to * T 3 

s sa 

CD ^ 

F «s 


cd 
-*— • 
O 

lx 

■§> 

3 

2 

CD 


<3 c 

to ’§ 

O 3 
O ^ 

CD 

6 *8 
£ ^ 
2 r Qn 

t : a 

S o 

4-» O 

£ a 

® CO 

CD 

** e 


00 co 


lx 

<D 

> 


00 .2 


G . 
cd co 


ta S 3 

*3 G < 
co ^ 

O * c /5 
<D 

CO 

lx 

,o 


G 

• H 

O 

& 


CO _G 

<D o 
O cd 

i ? +-* 
° *3 

■fx CO 


1328 



FORWARD AND AFT SEPARATION LINKS 
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TYPICAL PYROTECHNIC BOLT ARRANGEMENT 
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figure shows booster and orbiter sequencing, illustrating the release of the disconnects for normal 
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SEPARATION SUBSYSTEM FUNCTIONAL SCHEMATIC 
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TWO-PHASE LAYER THRUST = 0 

ELIMINATED T = 17 SEC 

T = 9 SEC. 



NORMAL STAGING SEQUENCING, TWO ORBITER ENGINES 
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booster thrust is essentially zero. 
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TIME (SECOND) 










ABORT SEPARATION CAPABILITY, AN ASSESSMENT 
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SEPARATION TRAJECTORY ENVELOPE 
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SEPARATION DISTANCE AT BECO WITH 1 OR 2 ORBITER ENGINES FUNCTIONING 
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TRAJECTORIES AT BECO, ONE ORBITER ENGINE 
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TRAJECTORIES AT BECO, ONE ORBITER ENGINE 



13^9 


HAND CALCULATED 




PITCH RATE AND ATTITUDE AT BECO, ONE ORBITER ENGINE 
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PITCH RATE & ATTITUDE AT BECO, ONE ORBITER ENGINE 
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TRAJECTORIES AT BECO, ZERO ORBITER ENGINES 
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TRAJECTORIES AT BECO, ZERO ORBITER ENGINES 
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TRAJECTORIES AT ABORT, t = 180 SEC. , TOO ORB ITER ENGINES 
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HISTORY OF ANGLE OF ATTACK BEFORE SEPARATION 
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HISTORY OF ANGLE OF ATTACK BEFORE SEPARATION 
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TRAJECTORY AT ABORT, TWO ORB ITER ENGINES 
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TRAJECTORY AT ABORT, MAX. q, - 0.5-DEG. a, TWO ORBITER ENGINES 
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PITCH RATE AND ATTITUDE AT ABORT, TWO ORB ITER ENGINES 
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PITCH RATE AND ATTITUDE AT ABORT, MAXIMUM q, 
0.5- DEG. a , 2 ORBITER ENGINES 
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TIME (SEC) 




is figure summarizes aq histories as a function of flight time for the maximum q abort condition. 
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VARIATION OF “Q AT MAX q 
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TRAJECTORY AT ABORT, OPTIONAL SEQUENCE 
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TRAJECTORY AT ABORT, MAX q, 0.5-DEG. a OPTIONAL SEQUENCE 
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ORBITER 







POST-LIFTOFF TRAJECTORY, TWO ORBITER ENGINES 
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POST-LIFTOFF TRAJECTORY, TWO ORB ITER ENGINES 
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PAD FLYAWAY OF ORB ITER 


*o 

01 

P 

g 

<4-1 


w 

T3 

.55 


§ 

oi 

■5 

<t> 

cd 

CO 

£ 

01 

0 

CO 

01 

• 

g 

<4-1 

i 

01 

'cd 

a 

.2 

01 

§ 

+-» 

cd 

.2? 

§ 

*43 

x> 

01 

W) 

<3 

CO 

.«rt 

<G 

o 

"3 

*■£ 

i 

'§ 

o. 

'w 

£ 

u* 


3 5P 


CT TO 

« c 
« t3 .5 

« -a. « 

® -M g 

.2 |«§ 

! ?| 
i •§ i 

.5 w ^ 

n J} 

iff 

S O o 
• a J3 43 

0 a ^ 

+" o M 

+j ° .5 

■8 | « 
J3 t*_ 

5 m O 
) . S3 

01 o 3 

S3 s 
e E s 

<D 

<D +-» 2 

£> O g 

^ & 5 

+-» J-H Cd 

— < O - 


cd 

o 

o 

cd 

c 

CO 

01 

c 

cd 

U 

CJ 

01 

'Eb T3 

+3 

q 

G 

o 

ai 

cd 

01 

01 
_r- 1 

CO 

G 


> 2P<~ 
£ g o 
O o 

US 

•° -M 2 
'■S3 


S In O 

> _£ tS 


s’! s' 
^ § -s 

■g e 2 
S g =t 
■o E 

fi >» w 

e3 o 2 

CO *p^ .3 

g 57 a 
•1'° § 

® <2 £ 
a •* 1 

• H T3 rg 

cz> g g 

h a) ^ ° 

•iH 01 01 

13 £ 

t, <J— ( 

S .2 o 

|6g 
< o £ -g 
2 & § 
,P “ ° 

<D J-H 

oj W> 01 

^ Cd T3 

•S c 
5 .a 3 

■e ^ 

o 

g oi fa 

•■le i 

*o p^* 

oi . b 

a 2 s 

3.^0 
5a +3 £> 

£ i2 ‘5* 
}s oi u 

ft tn -H 


1368 


the orbiter begins the arduous task of flying to safety. The orbiter thrust-to-weight ratio at liftoff is 1 .24g 
with the engines running at the emergency power level (EPL). 

The pad flyaway capability is shown to demonstrate the feasibility of flying the orbiter off the pad, if 
desired. Analysis shows the ability to achieve 305 meters (1,000 feet) in 18.9 seconds, and 610 meters 
(2,000 feet) in 23.2 seconds from the decision to abort off the pad. 


PAD FLYAWAY OF ORBITER 
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10 SEC, 

AT 30 M (100 FT.) 


PAD FLYAWAY TRAJECTORY, TWO ORBITER ENGINES 


t/> 

3 


1370 



PAD FLYAWAY TRAJECTORY, TWO ORBITER ENGINES 
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ORBITER ENGINE INLET ACCELERATIONS DURING SEPARATION SEQUENCE 
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ORBITCR ENGINE INLET ACCELERATIONS DURING SEPARATION SEQUENCE 



MINIMUM GUARANTEE 







BOOSTER CREW ACCELERATIONS DURING SEPARATION SEQUENCE 




BOOSTER CREW ACCELERATIONS DURING SEPARATION SEQUENCE 





ORBITER CREW ACCELERATIONS DURING SEPARATION SEQUENCE 
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ORBITER CREW ACCELERATIONS DURING SEPARATION SEQUENCE 
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ENVELOPE OF ELAPSED TIME 
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ENVELOPE OF ELAPSED TIME TO 305 & 610 M 11,000 & 2, 000 FT.) SEPARATION 
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FLIGHT TIME FROM LIFTOFF (SEC.) 



ABORT SEPARATION PENALTIES, AN ASSESSMENT 
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COMPOSITE OF INDIVIDUAL A&B RIGID-BODY LINK LOADS 
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COMPOSITE OF INDIVIDUAL D&E RIGID BODY LINK LOADS 
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separation, the largest being the axial load Ex at both orbiter and booster. This condition also gives rise to 
further study with the possibility of taking the main 3g axial load out through the aft member E. This 
would not penalize maximum q abort, but the forward link A load at normal staging must be traded 
against the weight penalties for both the orbiter and booster. 
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AFT LINK ASSEMBLY MASS PENALTY 
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AFT LINK ASSEMBLY MASS PENALTY 
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BOOSTER BULKHEAD MASS PENALTY 
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BOOSTER BULKHEAD MASS PENALTY 
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BOOSTER SKIN AND LONGERON MASS PENALTY 
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BOOSTER SKIN & LONGERON MASS PENALTY 



GAGE IN 0.432(0.170) 0.706(0.278) 0.274(0.108) 

















OEBITER MASS PENALTIES 
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SUMMARY OF ABORT STRUCTURAL LOADS MASS PENALTIES 
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SUMMARY OF ABORT STRUCTURAL LOADS MASS PENALTIES 
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TOTAL 2,155 
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SPACE SHUTTLE BOOSTER FLYBACK SYSTEM SYNTHESIS 
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BOOSTER FLYBACK SYSTEM SYNTHESIS 

(Figure 1) 

The earth-to-orbit reusable space transportation system 
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A TYPICAL DESIGN 

(Figure 2) 
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PROBLEM VARIABLES, PARAMETERS, AND OPTIONS 

(Figure 3 ) 
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The figure also lists some of the configuration parameters and options 
which were selected to accommodate the treatment of various types of designs. 
Some of the flight mechanics/performance/mission analysis options which were 
selected to permit handling of essentially all types of situations in this 
area are also given. 
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• VERTICAL TAIL AREA • AND OTHERS 


OVERALL APPROACH 

(Figure 4) 
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When the landing-location (or range) criterion is satisfied in this weight- 
sizing iteration, additional performance is computed as desired. 
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THE REFERENCE CONFIGURATION METHOD 

(Figure 6) 

The key element of a configuration synthesis computer procedure is the 
technology data generation function. The overall usefulness of the procedu 
is largely determined by how well this function is conceived and implemente 
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TECHNOLOGY FUNCTIONS AND METHODS 

(Figure 7 ) 
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AERODYNAMIC FORCES (Cont'd) 

(Figure 8("b)) 

of generating the type of perturbation data shown in the 
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separate sets of lift curve and polar parameters are used for each speed 
regime . 




HYPERSONIC 

(Entry) 

















MASS PROPERTIES 

(Figure 9 ) 

the figure, the procedure accounts for both weight changes 
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STABILITY AND CONTROL 

(Figure 10) 

The stability and control functions are (1) to locate the wing fore-and 
aft (wing size is an independent variable); (2) to size the canard (location 
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Figure 10 






AIR-BREATHING PROPULSION 

(Figure 11) 


J 









• 



a) 

a i-h 





d 


• 

43 

o 

0 ) 





o 


Ml 

P 

•H 

3 


o d 




t 


4J 

M-l XI 

•H 5 



P 

CO 


a 

CO 


C 

P O 

a; 


a 

a) 44 

0 ) 

H XJ 

CO 

CO 43 

p 

a> 

s 

54 

o 

a 3 

c 


P co 

CO 

£ 

3 

CL 


CO 

00 CO 

a 



co 

X 

d 

43 

•rl 


X3 

0) CO 

y-v 


d 

0 ) 

o 

CO 

44 

P 

3 

43 < 

CO 


o 


•H 


c 

CO 

P 

P 

<o 

• 

a 

co 

P 

Xl 

o 

3 

•H 


3 

so 


43 

O 

d 

o 

5-1 

P 

A * 

i—l 

i—i 

P 

g 

CO 


43 rH 

1—1 

CO 


co 

44 

3 

<0 

P 

cO 

\y <U 

> 

54 

,3 

44 

co 

o 



> 


O 

44 

O 


N 

d 

<0 

44 

a» co x) 

P 



CO 

•H 

<0 

C 

o 

•rl i—l 

<u 

a 

O 

CO 


CO 

P 

•rl 



e 

CO 

•rl 

•rl 

54 


<D 

60 CO 

CO P 

•rl 

CW 

44 

CO 

O 

X! M-4 

C 

d 

H CO 

5-1 


•rl 

CO 


P 

0 ) 

<0 

o 

43 3 

a 

a) 

o 

43 

■P 

O 

P 


•rl 

co 5-1 

v-/ 

H 

co 


d 

43 


0 ) 

P 

•H 43 


CO 

CL 

<o 

CO 


c 

•rl 


d 

a) 

> 


p 

CO 

> 


CO O CO 
<0 CO 


•5 


CO 


P 

d 


43 

4J 


P 

CO 

d 

O 


<0 

60 at 


d 

•rl 

60 43 

CO 

O 

0 

to 


44 

CO 

O 

60 d 

p 

P 



d 

CO 

<o 

CO 

•rl 

d 

(0 


CO 

X) 

p 

CO 

p 


P 

<0 



d 

<0 

(0 

43 

P 


>> co 


xl 

43 

o 

p 

43 

O 

o 

<0 

54 

54 

<0 

CO 


a 

3 

P 


44 

43 

cd 

3 

O 1-4 

CO 


CL 

•rl 

O 



54 

60 

d 

CO 

(0 

44 

B 

CO 

44 



43 

•i4 

CO 

o 

3 

o 

O 



d 


•rl 

44 

54 

CO 

i-4 


O 

(0 

X3 

to 

• 

p— 1 

d 

(0 


CO 

d 


43 

<0 *rl 

<u 


o 44 

54 

> 

o 

CO 


P 

CO 

N 

d 

O 

<0 

O 


•rl 

p 

d 

P 

0) 

•i4 

o 


54 

44 

(0 

P 

CO 

CO 

■i4 X) 

CO 

•rl 

CO 



o 

CL 


O 

E 



CO 

d 

o 

S 

d 

B 

co 


J-l X) 

d 

i-4 

•rl 

p 

O 

CO 

3 

<0 


0) 

0) 

•r4 

3 

60 


r4 

p 

co 

60 


a, x 


a 

d rH 

44 

(0 

co 

d 

<0 


•rl 

d 

o 

<0 

<0 


44 

CO 

CO 

P 

CO 44 

& 

54 


> rH 

<0 


rC3 

CO 

•rl 


o 

CL P 

(0 

<0 

54 

CO 

O JC 


44 

XJ 


d i-4 

3 


43 


£ 

43 

O 


<u 

CO 


44 

<0 

P 

4 : 


O 


XJ 

43 

XI 

P 


43 


p 

0k 

•rl 

0) 

d 

P 

d 

CO X) 

P 

54 

60 

CO 

43 

54 

CO 


<0 

3 

d 


<0 

d 

p 

& 

CO 

d 

a 

54 

CO 

60X5 

CO 

3 


CL *rl 

(0 

43 


d 

s 

t-4 

60 


CO 

3 


X) 

P 

P 

•i4 

3 


i4 

60 <U 


X) 

d 


CO 

>-.X> 

XJ 

44 

d 

d 

XJ 

0 

•H 

(0 

3 

r4 

CO 

d 


•H 

•rl 

<0 

54 


d 

54 

a 6 

CO 

0) 

£ 

60 1-4 

O 

(0 

*H 43 

•H 

p 


43 


d 

CO 

P 

43 

60 P 

P 

o 

p 

P 

0) 

<o 

O 

CO 

Eh 

d 


rH 

44 

CO 


43 

CO 



co 

A 

3 

P 

p 

d 

1 


P 60 

(0 


co B 

d 

>1 P 

• 

XI P 

CO *rl 

rH CO 

P 

<0 3 >1 

4* 43 

d 

CO 

43 60 43 

•rl P 

O cd 

43 

P *rl 

r4 Cd 

P 

B 

3 44 XJ 

d <0 

CO CO 

3 

P (0 

3> P 

P XJ 

d 

p OJ d 

45 

CO 


CO 43 «rl 

1 

£ 

43 

CL P CO 

P 

x) 0 

O 

P 

•H 

d tp 

CO 

44 d 43 

CO 

CO 44 

2 

O *H O 


a B 

CO 

CO *H 
*H XJ 


d 

I 

43 

bO 0) CO 

d 


r-4 CO 
(U d 

o o 

cO *H 

53 w 


1420 




1421 


Engine 

Geometry 










AERODYNAMIC HEATING 

(Figure 12) 
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heating computations at representative points on the body, wing and tail, and 
(3) surface heating of the upper and lower surfaces at given locations on the 
wing and canard using a three-node model. 
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Figure 12 
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EXAMPLE GEOMETRY VARIABLES - PLANFORM 
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Figure 15 
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EXAMPLE SENSITIVITY DATA 

(Figure 18) 

opposing figure presents the results of sizing two specific 
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EXAMPLE SYNTHESIS DATA 

(Figure 19) 
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OPTIMIZED SPACE SHUTTLE TRAJECTORY SIMULATION 
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TRAJECTORY STRUCTURE 
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*77ze state equations (to be discussed later) define the position , velocity, and weight of the vehicle. 
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general 


For some problems it is necessary to be able to simulate a trajectory which branches at one or more points. For example, 
the optimization of a space shuttle ascent trajectory in which constraints are imposed during the booster return flight 
and during possible abort return flights (left half of figure) requires the capability to simulate a trajectory with multiple 
branching points. After each ascent trajectory simulation, the normal booster return flight and hypothetical abort trajecto- 
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TRAJECTORY STRUCTURE 
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TYPICAL ASCENT TRAJECTORY WITH TRAJECTORY SECTIONING AND GENERAL 

BOOSTER ABORT/RETURN CONSTRAINTS BRANCHING CAPABILITY 




GENERAL MATHEMATICAL PROBLEM 
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EQUATIONS FOR CONSTRAINT CATEGORIES 
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Integral inequality (e.g. specification of a maximum total heating parameter): 



NONLINEAR PROGRAMMING TECHNIQUE 
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none of the inequality constraints are violated. A penalty term is added to the performance index, which keeps the 
solution in the feasible region at each stage in the iteration. 
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Each iteration requires minimization of the function P for a given value of r. This problem is termed the P-problem, and 
its solution is fundamental to the method of Fiacco-McCormick. The computational algorithm which was implemented 
minimizes the function P, using a Fletcher-Powell^ function minimization algorithm in conjunction with the simultaneous 
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GENERATION OF A FEASIBLE SOLUTION — This section reviews the algorithm developed by A. V. Fiacco for gener- 
ating initial feasible solutions. An arbitrary initial design vector y° will result in general in s<m of the inequality con- 
straints being satisfied while the remainder will be in violation. With no loss in generality, assume the constraints to be 
reordered so that the first s constraints are the satisfied constraints. Constraint s + 1 can be brought into the feasible set 
while simultaneously guaranteeing that constraints 1, 2,...,s remain in the feasible set by solving the following nonlinear 
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CONSTRAINED OPTIMAL CONTROL AS A NONLINEAR PROGRAMMING PROBLEM 
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PSEUDO-STATE VARIABLES 
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GENERATING A FEASIBLE SOLUTION FOR STATE AND CONTROL VARIABLE 
VARIABLE INEQUALITY CONSTRAINTS 12 
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however, that the integration limits can be updated at the end of each one dimensional search. Such frozen limits on the 
first term are not required. 



A DYNAMIC INEQUALITY CONSTRAINT TRAJECTORY 
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VIOLATED REGION 



TRAJECTORY SIMULATION 





•c o ■©• 

^ d <lT 
w O t3 

g££ 

■■s a s’ 

3 o 
cr ^ ^ 
<L> g O 

— SC 

rt C +j 

rj 3 C 

c s 8 

2 a ° 

-4-» W) 


3 0> 


C/5 

<D 


5? *3 




<i> 


C/3 


Trt «> 




a> 


E 5 


J5 TJ 


>5 on *3 

© 2^5 
H ;3 P 


1U58 



DIFFERENTIAL EQUATIONS OF MOTION 



1459 


= the horizontal component of the gravitational acceleration vector (positive in 
local due north direction) 
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COORDINATE SYSTEMS AND ATTITUDE ANGLES 




The central body total gravitational acceleration vector (g) is obtained directly from the central body gravitational poten- 
tial energy function (U) by taking its gradient (VU). The expression for U is shown in Equation 25. 

The assumed gravity model includes up through the fourth harmonic term (N = 4) and assumes symmetry about the 
rotational axis. The corresponding expression for the gravitational components is g r = dU/dr and gg = -(3U/90)/r. 
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thrust is computed as a function of the atmospheric pressure. 
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The last two constraints were due to the unavailability of aerodynamic data outside of this region. 


AND C, AS FUNCTIONS OF MACH NUMBER AND ANGLE OF ATTACK 
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to be presented at the Fifth Hawaii International Conference on Systems Sciences, Honolulu, Hawaii Jan 1 1-13, 1972. 

13. Brusch, R. G., “A Nonlinear Programming Approach to Space Shuttle Trajectory Optimization,” XXII Congress of 
the International Astronautical Federation, Brussels, Belgium, Sept. 1971. 



